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Abstract— This paper evaluates the calibration quality during
the blackbody (BB) warm-up cool-down cycle for thermal
emissive bands onboard Aqua Moderate Resolution Imaging
Spectroradiometer (MODIS) and Suomi National Polar-orbiting
Partnership (S-NPP) Visible Infrared Imaging Radiometer
Suite (VIIRS). This evaluation utilizes data from Aqua MODIS
Collection 6 Level-1B products and VIIRS Sensor Data
Records in 6-min granule format provided by the NASA Land
Science Investigator-led Processing System. Nearly simultaneous
hyperspectral measurements from the Aqua Atmospheric
Infrared Sounder (AIRS) and the S-NPP Cross-track Infrared
Sounder (CrIS) are used as references for MODIS and VIIRS,
respectively. Each AIRS footprint of 13.5 km is co-located with
multiple MODIS pixels while each CrIS field of view of 14 km is
co-located with multiple VIIRS pixels. The corresponding AIRS-
simulated MODIS and CrIS-simulated VIIRS radiances are
derived by convolutions based on sensor-dependent relative spec-
tral response functions. In this paper, the analysis mainly focuses
on the bands that are used in sea surface temperature products.
The results show that there is virtually no impact for MODIS
bands 22 and 23 and bands 31 and 32 for a BB temperature
below 290 K; however, when the BB temperature increases above
290 K, the impact is up to 0.3 K for bands 22 and 23 and 0.05 K
for bands 31 and 32, respectively. For VIIRS, BB temperature-
dependent drifts are observed in M15 and M16, which can
reach 0.15 and 0.1 K, respectively, over the operational BB
temperature range and the VIIRS brightness temperature range.

Index Terms— Aqua Atmospheric Infrared Sounder (AIRS),
blackbody (BB), calibration, Cross-track Infrared Sounder
(CrIS), Moderate Resolution Imaging Spectroradiometer
(MODIS), thermal emissive bands (TEBs), Visible Infrared
Imaging Radiometer Suite (VIIRS).

I. INTRODUCTION

ATELLITE missions for earth observations have collected

long-term science data for better understanding of the
earth’s system. Various sensors collect data with different
spatial resolutions, ranging from low resolution (e.g., 4 km
for AVHRR global area coverage data) to high resolution (e.g.,
0.41 m from the commercial satellite GeoEyel). Their spectral
coverage is achieved either through separate spectral channels
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or through interferometers, spanning wavelengths from visible
to thermal infrared. These satellite data have been used in
environmental management (land use assessment, geology,
forestry, etc.) as well as the investigations of climate change,
the atmosphere, and natural hazards. The calibration of earth
observation data is crucial to ensure the quality of the collected
data for scientific studies.

The Moderate Resolution Imaging Spectroradiome-
ter (MODIS), a key instrument on National Aeronautics
and Space Administration (NASA)’s Earth Observation
System missions, is aboard the Terra and Aqua satellites
and has operated for over 17 and 15 years, respectively.
The Visible Infrared Imaging Radiometer Suite (VIIRS)
instrument is designed to extend the measurements from
MODIS [1], [2]. It has operated on-orbit for over five years
as a major earth observing sensor aboard the Suomi National
Polar-orbiting Partnership (S-NPP) satellite. Both instruments
have thermal emissive bands (TEBs) covering a spectral range
from 3.6 to 14.4 um for MODIS (bands 20-25 and 27-36)
and from 3.6 to 12.5 ym for VIIRS (imaging bands 14 and I5
and moderate-resolution bands M12-M16). These thermal
infrared remote sensing bands have been used successfully
in the applications of surface temperature mapping, cloud
mask, etc. [3]-[7].

The blackbody (BB) is an onboard calibrator for the
TEBs on both MODIS and VIIRS. The BB is temperature
controlled and its temperature is monitored by embedded
thermistors, 12 on MODIS and 6 on VIIRS. To monitor
or estimate the TEB calibration coefficients, periodically
scheduled BB warm-up and cool-down (hereafter WUCD)
cycles are implemented to acquire the detector response over
a range of BB temperatures from instrument ambient (around
270 K for MODIS and 267 K for VIIRS) to 315 K. The TEB
performance of MODIS and VIIRS is monitored and evaluated
based on the stability of both the on-orbit BB calibration data
and their earth view Level-1B (L1B) products [8]-[13]. The
intercomparison with different sensors is another independent
approach to track sensor on-orbit performance. This is usually
conducted using simultaneous nadir observation (SNO)
measurements [13]. Near-surface temperature observations
can also be used to track the long-term calibration stability of
the TEBs [14]. Overall, the TEB performance of Aqua MODIS
(hereafter MODIS) and S-NPP VIIRS (hereafter VIIRS) has
been stable since launch [9], [15]. During the WUCD cycle,
it is expected that the current calibration algorithms should
capture the changes in the thermal environment and produce
a consistent result from the nominal scan-by-scan calibration.
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However, some issues still exist. For example, the Aqua
MODIS bands 33, 35, and 36 saturate at BB temperatures
above approximately 293, 296, and 301 K, respectively,
which need to be calibrated separately [16]. For VIIRS, up
to 0.3-K spikes in sea surface temperature (SST) have been
observed during the quarterly WUCD cycle. As a result, a new
calibration algorithm was proposed to address the issue [17].

This paper will evaluate the calibrated TEB data during
WUCD cycles for MODIS and VIIRS. The focus is on the
impact of the BB temperature on MODIS and VIIRS TEB
calibration for the bands used in SST products, MODIS
bands 22 and 23 (wavelengths of 3.96 and 4.05 um for the
short-wave SST algorithm), and 31 and 32 (wavelengths of
11 and 12 um for the long-wave SST algorithm), and VIIRS
bands M15 and M16 (wavelengths of 11 and 12 um for
the long-wave SST algorithm) [4], [6]. We also report the
results of VIIRS bands IS5 and M13 since they are in the SST
spectral range. The results shown in this paper will provide
helpful information on the explanation of the spikes observed
in VIIRS SST products and its comparison with MODIS. The
SNO data from the Atmospheric Infrared Sounder (AIRS) and
the Cross-track Infrared Sounder (CrlS) are used as references
since they are also onboard the Aqua and S-NPP satellites,
respectively. Both AIRS and CrIS are hyperspectral infrared
sounders. AIRS is a grating spectrometer with multiple
detector arrays for the corresponding spectral channels while
CrlIS is an interferometer. Details on their calibration and
performance can be found in [18]-[20].

Section II reviews the algorithms for MODIS and VIIRS
TEB on-orbit calibrations. Section III provides some relevant
background on the four instruments, AIRS, MODIS, CrIS, and
VIIRS, as well as the AIRS-MODIS and CrIS-VIIRS SNO
intercomparison methodology. Results of the WUCD impact
on MODIS and VIIRS TEBs will be shown in Section 1V,
including data collection, data analysis, intercomparison
results, and discussions. A summary of our analysis is
contained in Section V.

II. MODIS AND VIIRS TEB ON-ORBIT CALIBRATION

The BB assembly is designed to provide known radiance
levels for the TEB calibration with a close-to-unity emissivity
(greater than 0.987 for MODIS and 0.996 for VIIRS) and an
excellent temperature uniformity [2], [21], [22]. The onboard
BB and space view (SV) observations are used to perform
the onboard calibrations for TEBs in both the MODIS and
VIIRS instruments. The temperatures of the onboard BB are
controlled (285 K on MODIS and 292.5 K on VIIRS) during
normal operations. The TEB calibration converts the digital
response of a detector to the sensor’s at-aperture radiance. A
second-order polynomial model is currently used in VIIRS and
MODIS TEB calibrations with different approaches to estimate
the coefficients.

A. Aqua MODIS TEB Calibration
The MODIS TEB radiance is calculated by

LEV = (a() + b] . dnEV + ay - dn%v

RVSgvy
— (RVSsy —RVSgy) - L(Tsm)) (1)
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where L, dn, RVS, and T represent radiance, the background
corrected digital counts, relative response versus scan angle,
and temperature, respectively, EV and SM refer to the earth
view and scan mirror side, and ag, by, and ap are the
calibration coefficients which depend on band, detector, and
mirror side. The offset (ap) and nonlinear coefficient (ay) are
estimated from WUCD data while b; is determined by viewing
BB and SV on a scan-by-scan basis with the exception of
band 21, which is derived from BB cool-down (CD) data. In
the current Aqua MODIS Collection 6 calibration algorithm,
bands 31 and 32 use a free fit ap (with ag set to 0) from the
detectors’ responses to the BB source during the CD portion
of its WUCD events since there was a gain change right before
the launch for Aqua. For the other TEBs, the coefficients ag
and ap are based on prelaunch testing and are adjusted with
an iterative approach to account for any on-orbit drift [23].

B. S-NPP VIIRS TEB Calibration

For S-NPP VIIRS, a quadratic algorithm is currently used
in the TEB calibration, which is expressed by [24]

2
F - ci-dniy — (RVSgy — RVSgy)
i=0

L =
EV RVSEgv

) (1 - pna) : L(Trta) - L(Tham)
Prta

where rta and ham represent rotating telescope assembly
(RTA) and half-angle mirror (HAM), respectively, p is the
spectral reflectance of the RTA, ¢; (i = 0, 1, 2) are
temperature-dependent calibration coefficients for each band,
detector, and HAM side, and F is a calibration scaling
factor applied to the estimated radiance represented by the
quadratic polynomial model. Currently, ¢; are determined
using prelaunch coefficients interpolated to on-orbit temper-
atures. The scaling factor F is calculated on a scan-by-scan
basis from on-orbit BB measurements. Results from VIIRS
BB WUCD data analysis are closely monitored for potential
updates to the coefficients if necessary.

)

C. BB WUCD Operations for MODIS and VIIRS

During an Aqua MODIS WUCD cycle, the BB temperature
is first allowed to CD from its operational temperature (285 K)
to 270 K, which requires about 18 h. Then, a series of
commands is sent out to set the BB temperature to 280, 285,
290, and 315 K. Shortly after the BB temperature reaches
315 K, a command is sent to turn OFF the BB heater and the
BB temperature starts a full range CD cycle to approximately
270 K, which takes about 20 h. Then, the BB is heated until
its temperature reaches its operation temperature (285 K) and
the WUCD cycle is finished. A whole WUCD cycle usually
takes 53 h. A typical BB temperature profile during a WUCD
cycle is illustrated in Fig. 1(a).

The current VIIRS WUCD cycle is different from MODIS
WUCD cycle. During a VIIRS WUCD event, the BB is heated
first from its operational temperature (292.5 K) to 315 K by
sending commands to set the BB temperature to 297.5, 302.5,
307.5, 312.5, and 315 K with a 3-h interval for each step.
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Fig. 1. BB temperature change during WUCD cycles for (a) MODIS
2016/261 and (b) VIIIRS 2016/263.

After the BB temperature reaches 315 K, the BB heater
is turned OFF and the BB cools down for 24 h. The BB
heater is then turned ON and the BB temperature recovers
to its nominal temperature 292.5 K pausing for two settings
(272.5 and 282.5 K) along the way. The whole WUCD cycle
takes ~46 h to complete, which is 7 h less than that taken by
Aqua MODIS. Fig. 1(b) shows the BB temperature change for
VIIRS during 2016/263 WUCD event.

Comparing the BB temperature changes during the WUCD
period, it is observed that the MODIS BB temperature
increased relatively smoothly to the setting temperature level
whereas the VIIRS BB temperature reaches beyond the setting
temperature level first and then falls back to the level (see the
zoomed-in portions of Fig. 1).

III. SNO DATA COLLECTION AND PROCESSING
A. MODIS and AIRS Data

MODIS has 16 TEBs (3.6-14.4 um) with 1-km ground
resolution at nadir. Each TEB has ten detectors aligned along
the track direction. Its earth view scenes contain 1354 samples
in the scan direction covering a scan-angle range of £55° off
nadir. On the same Aqua satellite, AIRS’s thermal infrared
spectra contains 2378 spectral channels, spanning a range from
3.7 to 154 pum. AIRS is an across track scanning system
centered at nadir. A nominal scan line covers 90 infrared
footprints within a scan range of +49.5°, which corresponds to
a ground resolution of 13.5 km at nadir for the Aqua satellite’s
altitude of 705.3 km.

B. VIIRS and CrIS Data

VIIRS has seven TEBs, two image-resolution bands
(I-bands, 375 m at nadir) 14 and I5 and five moderate-
resolution bands (M-bands, 750 m at nadir) M12-M16.
There are 32 detectors in an I-band and 16 detectors in
an M-band aligned along the track direction. VIIRS TEBs
cover a spectral range from 3.6 to 12.5 um. VIIRS earth
view scenes of the moderate-resolution bands have 3200
samples in the scan direction covering a scan-angle range
of £56° off nadir. The same S-NPP satellite also carries the
CrIS instrument, a Fourier transform spectrometer, measuring
radiance for retrieving profiles of temperature, pressure,
moisture, etc. It has 1305 spectral channels covering three
wavelength ranges: short-wave infrared (3.92-4.64 um),
mid-wave infrared (5.71-8.26 um), and long-wave infrared
(9.14-15.38 um). There are 30 earth-scene views (referred
to as fields of regard) in a scan covering £50°. Each view
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Fig. 2. MODIS and VIIRS spectral distribution as well as AIRS and CrIS
spectral coverage (radiance unit: W/mzl/zm/sr).

position contains a 3 x 3 field-of-view (FOV) array. The
spatial resolution of each FOV is 14 km at nadir.

C. SNO Data Processing for Evaluations

Since MODIS and AIRS are onboard the Aqua satellite and
VIIRS and CrIS are onboard the S-NPP satellite, frequent
SNO data can be collected to compare the measurements
from the two pairs of sensors. In our analysis, all SNO data
need to be converted to the same grid, both spectrally and
spatially. The hyperspectral AIRS (or CrIS) data are integrated
to match each MODIS (or VIIRS) spectral band while the high
spatial resolutions of MODIS (or VIIRS) data are aggregated
into each AIRS (or CrIS) FOV in order to match the spatial
footprint.

1) Spectral Simulation: The sensor-dependent relative spec-
tral response (RSR) describes the system transmission as
well as the detector sensitivity. Fig. 2 illustrates the spectral
profiles of MODIS and VIIRS TEBs as well as spectral
coverage of AIRS and CrIS. As shown in Fig. 2, all MODIS
TEB wavelengths are within the AIRS hyperspectral coverage,
except for bands 20 and 29. CrlIS spectra fully covers VIIRS
TEBs 15, M15 and M16, and 99.9% of band M13.

To compare the radiance measurements from MODIS and
AIRS, the RSR function of each MODIS band needs to be
applied to each of AIRS channels using interpolation, then
the simulated radiances from the AIRS measurements are
calculated for each MODIS band

ffz Lni(4) - RSR(1) - d4

1

J72RSR(2) - d

3)

Lgimulated =
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where “Ly;” is the band-dependent interpolated radiance from
AIRS measurements. Linear interpolation is used in this analy-
sis. [A1, 42] is the wavelength range of a band. The same
method is used to compare between VIIRS and CrIS.

2) Spatial Aggregation: In this SNO data processing, AIRS
and CrIS data are taken from six footprints and two center
field of regards (~=3.3°) around nadir, respectively. MODIS
and VIIRS radiances are limited to the data within a range
of +£10° from nadir, which is larger than 3.3° to get a
stable aggregated value. For each AIRS footprint, all MODIS
radiance measurements within a 6.75-km radius of the AIRS
pixel center during each SNO were averaged, respectively,
to match the spatial grid. The same method was applied
to CrIS nadir pixels for VIIRS within a 7-km radius of a
CrIS pixel center. Details of the SNO data processing can be
found in [25].

IV. WUCD IMPACT ON THE CALIBRATION OF MODIS
AND VIIRS TEBs

The NASA MODIS LIB 5-min products, NASA AIRS
L1B products, NASA S-NPP VIIRS level-1 6-min products
provided by the NASA Land Science Investigator-led Process-
ing System, and NOAA CrIS SDR products were used for
evaluating the impact of WUCD on the MODIS and the
VIIRS TEB calibrated radiance. AIRS—-MODIS SNO data and
CrIS-VIIRS SNO data were collected first. Then, the evalua-
tions were performed after the matching in both spectral bands
and spatial FOV.

In the following discussion, the radiance of a MODIS
(or VIIRS) band was converted to brightness temperature (BT)
using the Planck function based on the central wavelength of
the spectral band. For each MODIS (or VIIRS) band and for
each AIRS (or CrIS) FOV, the BT difference (delta_BT) was
calculated by

ABT = BTsimulated — BTaggregated 4)

where “BTgimulated” 1S the simulated BT of a MODIS
(or VIIRS) band using AIRS (or CrIS) measurements and
“BTaggregated” is aggregated MODIS (or VIIRS) BT within
an AIRS (or CrIS) FOV pixel.

A. WUCD Impact on MODIS Calibration

For MODIS, we analyzed four WUCD events (2003/209,
2008/236,2012/286, and 2016/261) collected for four different
years throughout the mission. For each WUCD event, all
granules from three consecutive days were used in the SNO
data collection. Based on the criteria of SNO data selection
outlined in Section III-C2, the six footprints around the center
of a scan were selected as AIRS nadir pixels. Typically, one
SNO AIRS footprint includes about 140 MODIS pixels. In our
analysis, only footprints that were covered by more than
70% MODIS pixels were accepted in AIRS-MODIS SNO
data collection. All SNOs from the four WUCD events were
combined together in the following data analysis.

Fig. 3 illustrates the distribution of SNO pixels over
the MODIS band 31 BT ranges and the BB temperature
(T _bb) ranges. Each aggregation area in Fig. 3(a) is 2-K BT
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Fig. 3. AIRS-MODIS SNO FOV distribution as a function of BT and 7'_bb.
(a) Distribution of SNO pixels. (b) Histogram of SNO numbers at a 7_bb.

by 2-K T_bb. During each MODIS WUCD cycle, T_bb is
set to 280, 285, 290, and 315 K for a certain period of time
[see Fig. 1(a)], so there are more SNO data when 7_bb is
at one of these temperature levels. Since the lowest 7_bb is
larger than 270 K even though a command sets 7_bb to 270 K,
Fig. 3(b) shows the histogram of SNO numbers at 7_bb of
272, 280, 285, 290, and 315 K, respectively. At a given T_bb,
more SNOs were collected at the higher MODIS BT range
than at lower BT levels, which is earth view scene dependent.
Other MODIS bands have similar distributions.

For each aggregation area shown in Fig. 3(a), the differ-
ences between AIRS and MODIS measurements from all
AIRS footprints within the area were extracted first. Then,
the mean difference was determined by the average of the
difference data after removing outliers using a 3-sigma filter.
Fig. 4 illustrates the distribution of AIRS-MODIS inter-
comparisons. For the wavelengths of 3.959 and 4.050 um
(MODIS bands 22 and 23), the differences between AIRS
and MODIS are larger at lower BT. They are not consistent
over the range of 7_bb for a fixed BT, which indicates
that the 7_bb change impacts the calibration of these two
MODIS bands. The distributions of the AIRS-MODIS dif-
ferences for bands 22 and 23 are similar. For the MODIS
bands 31 and 32 with wavelengths at 11 and 12 um, larger
AIRS-MODIS differences are also observed at lower BT.
However, the T_bb change has very limited impact on MODIS
bands 31 and 32, which is demonstrated by the consistency of
the AIRS-MODIS differences over the 7_bb range.

To evaluate the impact of the MODIS WUCD cycle on the
MODIS L1B products, AIRS—-MODIS differences at certain
MODIS BT levels were referenced to the operational BB
temperature value (285 K) for all 7_bb during a MODIS
WUCD cycle. The residual is the impact bias. Fig. 5 shows
the impact bias over MODIS BT range at 7_bb of 272, 280,
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285, 290, and 315 K, where there are more SNO data points.
As shown in Fig. 5, more fluctuations are observed when BTs
are below 240 K for all SST bands due to less SNO data.
At BT larger than 240 K, MODIS bands 22 and 23 show sim-
ilar bias, which are less than 0.2 K, while bands 31 and 32 are
well below 0.05 K with some fluctuations at 7_bb of 315 K.

Since the BB heater is turned ON five times during a
MODIS BB warm-up (WU) period, the characterization of
TEBs could behave differently from that in the BB CD
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period. In order to test this idea, the MODIS granules during
warm-up heating (WUH) period and CD period were selected
for separate analysis. Any granules during which the 7 _bb
was stable were discarded. Also, the bias between AIRS and
MODIS measurements was removed based on the SNO data
extracted when MODIS was at its operational 7_bb value.
Fig. 6 shows the 7_bb influence on MODIS L1B products
during BB WUH and CD periods. The bias is around zero for
T _bb less than 290 K. When 7' _bb increases above 290 K, the
fluctuations caused by fewer SNO pixels increase and the bias
also drifts by about 0.3 K for bands 22 and 23 and slightly
less for bands 31 and 32. As shown in Fig. 6, the pairs of
MODIS bands used in SST analysis (bands 22 and 23 for
short-wave SST algorithm and bands 31 and 32 for long-wave
SST algorithm) show similar features. The fluctuations shown
in bands 31 and 32 at 7_bb between 290 and 300 K are caused
by 2008/236 and 2012/286 WUCD data, which were impacted
by larger fluctuation of cold focal plane assembly tempera-
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ture because of temperature control issue in Aqua MODIS
since 2006 [16]. There is no obvious difference between the
biases from the WUH and the CD periods.

B. WUCD Impact on VIIRS Calibration

For evaluating the WUCD impact on VIIRS calibration
via CrIS-VIIRS SNO, data from four VIIRS WUCD events
(20137259, 2014/258,2015/257, and 2016/263) were analyzed.
For each WUCD event, 58 h of granules were used in the SNO
data collection, which include 6 h before and after the WUCD
period. According to the SNO data selection criteria outlined
in Section III-C2, CrIS SDR nadir pixels were defined as the
two center field of regards. Usually, one CrIS FOV contains
more than 240 evenly distributed VIIRS pixels (750-m
resolution). Only CrIS FOVs that included more than 70%
VIIRS pixels (750-m resolution) were extracted in our SNO
data collection to exclude the SNOs with bad or missing VIIRS
data. The data analysis results from each of the four WUCD
event are very similar. So all SNOs from the four WUCD
events were combined together in the following data analysis.

Fig. 7 shows the distribution of SNO pixels over the
VIIRS band M15 BT range and its 7_bb range. Each square
in Fig. 7(a) is 2-K BT by 2-K T_bb. During each VIIRS
WUCD cycle, T_bb is set to 297.5, 302.5, 307.5, 312.5, and
315 K first. Then, the BB is cooled down from 315 K to
about 266 K. Later on, it is heated to its operational value
by setting it to 272.5, 282.5, and 292.5 K [see Fig. 1(b)].
So there are more SNO data at the 7_bb set levels. Similar
to MODIS, more SNOs are collected at normal VIIRS BT
range than at the extreme BT levels. Other VIIRS bands have
similar distributions. The lowest 7_bb VIIRS can reach to
around 266 K, which is lower than MODIS T _bb. Fig. 7(b)
shows the histogram of SNOs at T_bb of 272.5, 282.5, 292.5,
297.5, 302.5, 307.5, 312.5, and 315 K.

For each square area in Fig. 7(a), the differences between
CrIS and VIIRS measurements from all CrIS footprints within
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(a) Distribution of SNO pixels. (b) Histogram of SNO numbers at a 7'_bb.

that area were averaged after filtering outliers using the
same method used in the AIRS-MODIS comparison. Fig. 8
illustrates the distribution of the CrIS—VIIRS intercomparison
for all comparable TEBs. The differences between CrIS and
VIIRS are mostly within +0.1 K and are evenly distributed
over the T_bb range for VIIRS bands 15, M13, and M16. Rel-
atively larger differences and uneven distribution are observed
in the band M15 comparison, and there are bigger differences
at lower BT (<250 K) than at higher BT.

Similar to the MODIS data analysis, to evaluate the impact
of VIIRS WUCD cycle on the VIIRS level-1 products,
CrIS-VIIRS differences at a VIIRS BT level were referenced
to the operational BB temperature value (292.5 K) for all 7_bb
values during a VIIRS WUCD cycle. Fig. 9 shows the bias
over the VIIRS BT range at T_bb of 272.5, 282.5, 292.5,
297.5,312.5, and 315 K, where T_bb was fixed at these levels
for a while so that there are relatively more SNO data points.
Less SNOs cause some fluctuations at the lower end of BT.
The bias is relatively stable (<0.05 K) for each T_bb level
indicating that the 7_bb impacts the VIIRS level-1 products.

The TEB behavior during the BB WU and CD peri-
ods is also a concern for VIIRS TEB calibration. There
are five times when the BB is heating up at the begin-
ning of a WUCD cycle and three additional times after
finishing the CD cycle to recover to the operational 7_bb
level. Similar to MODIS, only the VIIRS granules dur-
ing WUH and CD periods were selected, excluding any
granule for which 7_bb is constant. The bias between
CrIS and VIIRS measurements was removed based on
the SNO data extracted at VIIRS operational 7_bb value.
Fig. 10 illustrates the 7_bb influence on VIIRS level-1 prod-
ucts during the BB WUH and CD periods. An obvious, nearly
constant, bias between WUH and CD is observed from the
plots. In the 7_bb range from 265 to 315 K, bands 15, M13,
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Fig. 8. Distribution of CrIS-VIIRS difference.

and M16 have less than 0.1-K drift while band M15 drifts by
around 0.15 K over the VIIRS BT range. The pair of VIIRS
bands used in the long-wave SST algorithm [M15 (11 xm)
and M16 (12 um)] shows different trends, which could be the
cause of the spikes that appear in SST trending plots during
WUCD events.

C. Discussion

Figs. 6 and 10 illustrate the 7_bb impact on L1B products
during BB WUH and CD periods, respectively, for MODIS
and VIIRS. It is observed that different TEBs show different
magnitudes of biases when the BB panel experiences temper-
ature changes. The differences between the biases extracted
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Fig. 9. Impact on VIIRS level-1 products during BB WUCD cycle.

from granules in the WUH and CD periods are nearly zero
in MODIS bands and are clearly noticeable in VIIRS bands.
The reason could be the uniformity of values from individual
BB thermistors in the 7_bb calculation.

In MODIS, the BB is roughly 8” x 14” [27] so that the
collected window of each band is well within the angular
extent of the BB. The 12 individual BB thermistors are
embedded on the BB panel, two rows of six thermistors evenly
spaced along the scan direction, with thermistors #1 and #7 on
one end of the BB panel and thermistors #6 and #12 on the
other end [16], [21]. Orbital variation can cause differences
among the thermistors. During the BB WU activity, the BB
heater on the back of the BB panel is ON in order to control
the BB at a set temperature level. Some components connected
with the BB panel (e.g., cable end) may contribute to thermal
nonuniformity. Therefore, the heating results in temperature
gradients in the BB substrate [21], which produces larger
temperature differences among the 12 individual thermistor
readings, especially at the higher end of 7_bb. In contrast,



2384
VIIRS_I5_BT_Bias_vs_Tbb
02 . , :
__ o1
=
oo
B 00 W
oo
o
= R
=
-0.1
-0.2 L 1 L ' 1
270 280 290 300 310
Tbb (K)
VIIRS_M13_BT_Bias_vs_Tbb
0.2¢ T . .
_ oab 3
= = E
8
oo
= 0.0 —
o
2
= E
-0.1 E
0.2 £ L L L L L
270 280 290 300 310
Tbb (K)
VIIRS_M15_BT_Bias_vs_Tbb
0.2f T T T
_ ol 3
= E E
@ E E
= oo0F Wﬁé
o E E
o : E
= E E
= o iM i
-0.2 ' L L L L
270 280 290 300 310
Tbb (K)
VIIRS_M16_BT_Bias_vs_Tbb
0.2F : : . -
. 0.1§ é
= E E
2 E E
@ E ]
2 O-O?MWE
o 3 E
o F |
= E E
-0.1 = -
-0.2 E L L L ' L
270 280 290 300 310
Tbb (K)
Fig. 10. T _bb impact on VIIRS level-1 products during BB WUH (black)

and CD (pink) periods.

during the BB CD period, the temperature of the BB panel is
more uniform because the heater is switched OFF and there is
no cooling system in the BB. Fig. 11(a) shows the variation of
the 12 individual thermistor readings relative to their average
during the September 17, 2016 Aqua MODIS WUCD cycle.
Each point in the plot is a granule averaged temperature. Since
MODIS BB temperature is determined by the average of the
12 individual BB thermistor readings after applying a 3-sigma
filter, the impact of uneven individual BB thermistor readings
is not obvious in the average.

In VIIRS, there is a 2-by-3 array of six active temperature
sensors embedded in the BB panel, with thermistors #1 and #4
on one end and thermistors #3 and #6 on the other end (farthest
from the EV port) in the along-scan direction [15], [28]. It has
been observed that thermistors #3 and #6 are driving the 7_bb
variation likely due to earth illumination heating one side of
the BB [15]. Like MODIS, the BB CD operation is also
a passive process. Fig. 11(b) illustrates the variation of the
six BB thermistor readings relative to their average during
the September 19, 2016 VIIRS WUCD cycle. As shown in
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average during a WUCD cycle. (a) MODIS September 17, 2016. (b) VIIRS
September 19, 2016.

the plot, the distribution of the relative differences between
individual thermistors and their average is not consistent
during WU and CD periods, which means that the contribution
of each thermistor reading acts differently in the calculation
of the averaged 7_bb. In VIIRS TEB calibration, the readings
from all six BB thermistors are averaged with equal weights,
which is acceptable during the normal operations [12].

In the current MODIS Collection 6 TEB calibration algo-
rithm, the calibration coefficients ag and a», are estimated
using the data during BB CD period so as to have a better
BB uniformity. Although the current VIIRS TEB calibration
algorithm is based on prelaunch data, its BB CD data are
still used for monitoring calibration coefficients. Reanalysis
of prelaunch data may bring some information for TEB cal-
ibration algorithm improvements, such as whether all factors
that impact the calibration quality are characterized accurately
and the BB panel nonuniformity characterization in the BB
temperature determination [21]

BB WUCD impact has been observed in the SST time series
of the 24-h statistics over global ocean clear-sky pixels [17].
The SST is determined using data from 11- and 12-xm bands.
For example, SST is calculated from MODIS data by

SSTmodis = k1 + k2 - BT31 + k3 - BT3132 + k4
-[sec(@) — 1] - BT3132  (5)

where k; (i = 1, 2, 3, 4) are coefficients for SST retrieval,
BT3, is the band 31 BT, BT3130 = BT3, — BTj3, and 0 is the
satellite zenith angle [4]. A similar approach is implemented
for VIIRS SST extraction using bands M15 and M16 [6].
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From Fig. 6, we can see that MODIS BB WUCD have
similar impact on bands 31 and 32 with less than 0.05-K
BT bias fluctuations on average during the entire WUCD
cycle. However, there is about 0.15 K total impact to VIIRS
MI15 (11 um), as seen in Fig. 10. In addition, the behavior
of M15 is different from that of M16 (12 xm), which adds
another bias based on the SST formula. This could be the
reason that spikes were observed during WUCD events in
VIIRS SST trending but were not seen in the MODIS SST
time series.

The results of four VIIRS TEBs (I5, M13, M15, and M16)
spectrally overlapping with CrIS are presented in this paper.
In addition to the MODIS bands used in the SST application,
all other MODIS TEBs (B21, 24 and 25, 27 and 28, 30, and
33-36) overlapped with AIRS in spectra were also evaluated.
For the MODIS bands with saturation issues (bands 33, 35,
and 36), there are less than 0.1-K bias when the bands are
not saturated and 0.2-0.4 K bias when they are saturated.
For the other bands, the maximum biases range from
~0.1 K (bands 25, 28, and 30) to a maximum of 0.4-0.5 K
(bands 21, 24, and 27) with no obvious trend versus 7'_bb.

To mitigate the impact of BB WUCD, Cao et al. [26]
have proposed a compensatory term in the TEB calibration
equation to try to find the difference of calibration profile
between prelaunch and postlaunch. Based on our study, the
difference actually arises from the variations of individual
BB thermistor readings. We are experimenting with different
methods to reduce the impact of the BB WUCD operation on
the TEB calibration, e.g., properly weighting the individual
BB thermistor readings in their average by including
the characterization of the BB panel nonuniformity. This
improvement will be further investigated in our future work.

V. SUMMARY

This paper evaluates the calibrated data for the TEBs
from Aqua MODIS and S-NPP VIIRS during their BB
WUCD cycles, mainly focusing on the bands used in the SST
products. The evaluation approach is via the SNOs with the
reference measurements from hyperspectral sounders (AIRS
and CrIS). The results show that for MODIS bands 22 and 23,
and 31 and 32, the impact is around zero for BB temperature
below 290 K and up to 0.3 K for bands 22 and 23 and 0.05 K
for bands 31 and 32, respectively, when the BB temperature
is beyond 290 K. For S-NPP VIIRS, drifts observed in M15
and M16 are likely dependent on the BB temperature. The
overall drifts from the lowest 7_bb (266 K) to the highest
T_bb (315 K) can be 0.15 and 0.1 K for M15 and M16,
respectively, which result in a change in the derived SST.
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